The nematic to neat-soap (N-NS) and nematic to isotropic (N-I) phase transitions in binary solutions of cesium per-fluoro-octanoate (CsPFO) and water have been studied by high-precision calorimetry at 39.3, 43.6, 48.3, 49.0, 50.7, 52.0, and 55.3 wt. % CsPFO concentrations. The ratio of the heat-capacity amplitudes, above and below the N-NS transition, and the critical exponent a remain near 1 and 0, respectively, suggesting three-dimensional XY-type behavior. The coexistence range and the latent heat at the erst-order N-I transition decrease with decreasing concentration. Extrapolation of the N-I coexistence width suggests existence of a Landau point at -28 wt. %%u oconcentration . Th ecoefficient sof expansion in the Landaude Gennes free energy at the N-I transition and their concentration dependence have been determined. Coefficients of the cubic and the biquadratic terms become vanishingly small at low concentrations underscoring the need to use higher-order terms in the free energy.
INTRODUCTION
The cesium per-fluoro-octanoate (CsPFO) molecules, like a typical surfactant, have hydrophobic and hydrophilic ends. They aggregate to form dislike micelles [1] of positive diamagnetic anisotropy when dissolved in water at concentrations higher than the critical micellar concentration. At high concentrations ( & 20 wt. % CsPFO), the disk-shaped micelles develop orientational and onedimensional translational order to form the nematic (N) and the neat-soap (NS) phases [1] , respectively. At a fixed concentration, such systems undergo phase transitions with decreasing temperature from the completely disordered isotropic (I) phase to the N phase, and from the N phase to the NS phase.
On the basis of their structure and symmetry, the N and NS phases exhibited by lyotropic systems can be considered similar to the thermotropic N and smectic-A phases. The N-I and N-NS phase transitions of such systems have frequently been compared with the corresponding thermotropic liquid-crystal transitions. Many experimental studies have been undertaken to comprehend the microscopic structure of these phases and the nature of the N-NS and N-I transitions. Previous optical [2] , quasielastic light-scattering [2, 3] , magneticbirefringence [4, 5] , magnetic-deformation [6] , conventional [7] and synchrotron [5] x-ray diffraction, smallangle neutron-scattering [8] , and electral-conductivity [9] studies have provided evidence in favor of the lyotropic liquid crystals being analogous to the thermotropic materials. There is now substantial quantitative evidence which can be used to argue against the conventional bilayer structure of the neat-soap phase (at least in some cases), and in favor of arrangement of the micelles to form a layered structure. The lyotropic systems di6'er from the thermotropics in one regard. The microscopic entity that undergoes ordering in lyotropic liquid crystals is an aggregate (micelle) of 50 -100 molecules while in thermotropic materials it is the individual molecules that form liquid-crystalline phases.
The neat-soap (or smectic-A) fluctuations in the nematic phase diverge [2] anisotropically with critical exponents v~~= 0.72+0. 1, and v~=0.58+0.1, for the CsPFO plus water system. At the N-I transition, P=0.5+0.1 and y =1 is obtained [2, 5] , in agreement with mean-field theory. These results are similar to those obtained for many thermotropic liquid crystals.
The phase diagram for the CsPFO plus water system has been determined with high precision by Boden et al. [1] . In their NMR experiments, they found that the N-NS transition changed from second order at low concentrations to first order at high concentrations. The tricritical point, at which the N-NS transition changes from second order to first order, was determined to be near 57 wt. lo. In a later study [10] ,with better temperature precision, this concentration was revised to a significantly lower value, -43 wt. %. Their experiments also supported the possibility of a Landau point at the N-I transition at low concentrations in accordance with earlier reports based on light-scattering [2] and magnetic-birefringence experiments [4, 5] . Unfortunately, most of the measurements made to this date (for example, light and x-ray diffraction, optical, magnetic deformation, etc.) depend on the ability to align and/or to reorient the micelles, which is inherently difficult due to slow relaxation processes in these materials. Furthermore, almost all of their physical properties (dielectric and diamagnetic anisotropy, optical birefringence, etc.) are more than two orders of magnitude smaller than in thermotropic liquid crystals, making it even harder to conduct high-precision 45 8683 1992 The American Physical Society measurements.
We decided to use the heat-capacity (C ) technique to conduct a comprehensive study of phase transitions in the CsPFO plus water system. The heat-capacity measurements are independent of the macroscopic alignment and reorientational times of the micelles and offer an opportunity to obtain more reliable results than possible with other techniques.
Previous heat-capacity studies [11, 12] have provided very useful qualitative information about the behavior of the heat capacity of this system.
The changes in heat capacity in these materials were nearly 300 -500 times smaller than those found in thermotropic liquid crystals, e. g. , 4-(n-octyloxy)-4'cyanobiphenyl (8OCB) [13] . In these experiments, the solutions remained homogeneous for a long time and did not require stirring during the scans. Heating and cooling scans were found to be essentially the same. We performed heat-capacity measurements on seven different concentrations.
Our results, a summary of which was published elsewhere [14] , show that the N-NS transition is in agreement with predictions of the threedimensional XY (3D-XY) model. We could not observe the evolution of the heat-capacity exponent a toward the tricritical value of -, because of transition broadening due to impurities. The coexistence previously observed [1, 10] may have been due to the same reason, rather than the presence of a tricritical point. We have also determined the latent heat, the width of the coexistence region, and the fluctuation heat capacity at the N-I transition. The concentration dependence of these quantities shows that the transition line should terminate at a Landau point at -28 wt. %%u oconcentration . Acalculatio no f the coefficients in the Landaude Gennes free energy emphasizes the need to include higher than biquadratic terms for a better description of this transition.
EXPERIMENTAL DETAILS
Cesium per-flouro-octanoate was synthesized by stirring and heating equimolar amounts of pentadecaAuorooctanoic acid and cesium hydroxide (both from Aldrich Chemical Co.) until all the material turned to foam. The wet solid was dried in a vacuum oven, dissolved in isopropyl alcohol, cooled, and filtered. Recrystallization was repeated in this manner two more times to produce the purified CsPFO. The samples were prepared by dissolving CsPFO in distilled and deionized water. The transition temperatures for the concentrations studied, and shown in Fig. 1 , are in good agreement with published [1, 10] values.
Heat-capacity measurements of lyotropic materials are particularly difficult because of the small changes involved and a number of other technical reasons. For instance, it is crucial to seal the samples so that no solvent evaporation and, hence, drift of transition temperatures occurs. The cell has to be made from chemically inert and corrosion-resistant materials with suitable thermal properties.
We used a scanning microcalorimeter, model MC-2, manufactured by Microcal, Inc. , to measure the changes in the heat capacity as a function of temperature. The sample and reference cells of this calorimeter (Fig. 2 ) are made of tantalum metal with a 1.2-ml volume (1.6 to 1.8 g of CsPFO solutions). This calorimeter's sample and reference cells are connected to sealed reservoirs by 10cm-long, 1.6-mm inner-diameter tubes. This prevents sample evaporation and provides an escape path for air bubbles formed during the filling process. The sample and reference cells are enclosed in an adiabatic chamber made of an evacuated jacket. A syringe with a long hypodermic needle was used to fill the cells. Enough material was injected into these cells so that between a quarter to a half of the reservoirs were also filled. The reservoirs were tightly sealed with 0-rings and a stainless-steel disk. Power was supplied to the main heaters attached to the two cells to raise their temperature at a predetermined rate. The temperature of the adiabatic chamber was also raised at the same rate with the help of main and feedback heaters. The power to the feedback heater attached to the jacket is determined by a 20-junction thermopile which senses the temperature difference between the cells and the jacket. A 100-junction thermopile was used to detect the temperature difference between the sample and the reference cells, and to provide a differential power signal to the cell feedback heaters and maintain them at the same temperature. The differential power was a direct measure of C, and was recorded as a function of temperature.
This calorimeter allows accurate measurements of small changes in C because of the large sample mass and background C compensation with a reference material (water in our case). It has a maximum sensitivity of 15 peal/min and an operating temperature range from -30'C to 120'C. The temperature resolution of the calorimeter is better than 7 mK at the scan rates used in our study. The scan rate can be set between was performed to improve the signal-to-noise ratio. The experimental error in C was taken to be -, ' of the scatter in the data points in a straight section of the heatcapacity curve. At the time these measurements were made, we did not have the capability to perform cooling scans to check for any hysteresis, monotropic phases, or other timedependent effects, such as coalescence of rnicelles at low temperatures.
Very recently, the calorimeter has been modified to perform cooling scans. We have now verified that the heating and cooling scans on these mixtures yield the same results, although the cooling scans tend to have higher noise due to technical reasons. After an initial period of a few days, the scans are reproducible to a high degree. In one instance, two scans taken four months apart were found to be identical within experimental resolution, and without a measurable change in the transition temperatures, emphasizing the chemical and thermodynamic stability of these systems.
Thermal equilibration was a concern given the large samples used in this calorimeter. We found in our initial studies that the results were independent of the scan rate at rates slower than 50 mK/min. Hence, all of our scans, except for 39.3 wt. % sample, were taken at heating rates between 11 and 20 mK/min. A scan rate of 37 mK/min was used for the most dilute (39.3%) mixture. The N-NS transition for this sample is near room temperature which makes it dificult to control the scan rate and to scan at a slower rate. This appears to be responsible for minor deviations of the results for 39.3% solution from the general trends determined by other mixtures. Experimentally measured [15] densities of these mixtures were used in converting the data to units of J/g K.
DATA ANALYSIS
In the analysis of the N-NS transition, the use of correction-to-scaling [16] term was found necessary as the fits without it required drastically different values of the heat-capacity amplitude and the critical exponent above and below the N-NS transition. The function (1) water mixture. The solid line is a fit to Eq. (1) and the dotted line represents C~w ith t =1 in the first term, as described in the text. The dashed line is the background for the N-I transition obtained with the first analysis method (see text). described very well the measured heat capacity below the N-I transition as evident from the fit to a scan for the 43.6 wt. %%u omixtur e( Fig . 3 ). Th evalue sof th ecoefficients A and D were allowed to be different above (+) and below ( -) the transition. In Eq. (1), the first term represents a power-law divergence with first correctionto-scaling term. The reduced temperature is the virtual second-order N-I transition (superheating) temperature; a is the heat-capacity exponent while a'
represents the power-law increase in heat capacity at the N-I transition. As discussed later, a' should be considered only as a fit parameter and not as the critical exponent for the N-I transition. This term accounts for part of the background heat capacity for the N-NS transition. The last two terms, with T in kelvins, provide a linear background. The constant B represents the sum of the regular and the critical background heat capacities.
The background heat capacity at the N-NS transition, due to the diverging heat capacity at T& I, was also approximated by a second-order polynomial, instead of the power law (t' ) that appears in Eq. (1) . Alternatively, a linear background in the NS region was determined graphically by drawing a tangent to the Cz curve, well below the N-NS transition. This background was subtracted from the data. Then, only the first (divergent) term with correction-to-scaling and a constant background term were used to fit data below the minimum in the N region. These fitting methods and several variations of them were attempted. The values of the critical exponent a and the ratio of specific-heat amplitudes A + /A varied negligibly for fits over the same temperature range from those obtained with the first, more intuitive method, described in the preceding paragraph.
However, y was sightly higher and the fits were less stable with respect to temperature-range shrinking. The renormalization [17] form of the heat capacity, obtained by replacing the first term of Eq. (1) by [3 t "/(-1+B*t )], also did not give a stable aR with temperature-range shrinking, suggesting that renormalization was not occurring. Table I . Probable errors in the value of a were calculated by fixing a at values different from the best-fit value, and refitting the data to determine g . A parabola, with a minimum at the best-fit value of a, is obtained when y is plotted against the corresponding value of a as shown in Fig. 6 the coexistence.
Analysis of the N-I transition was rendered particularly difticult by the close proximity of the N-NS transition, a wide N-I coexistence, and scant data representing pretransitional effects above TN I. All of these factors conspired to make it practically impossible to obtain the true heat-capacity exponent for the N-I transition. It is, thus, more appropriate to consider a', in a fit parameter. However, it was possible to calculate the latent heat, total fluctuation heat capacity, and the N-I coexistence range. We employed two methods to determine these quantities as described below.
In the f'trst method, the power of t, in Eq. (1), was set to zero in order to remove the divergence associated with the N-NS transition from the total heat capacity. The first term (with t =1) in Eq. (1), thus represented the heat capacity due to the N-NS transition which formed part of the background below T& I. The dotted curve in Fig. 3 represents the sum of the heat capacity associated with the N-I transition and the background obtained in this manner. It should be noted that the first term still has a divergence at the N-NS transition arising from the correction to the scaling term. However, due to a relatively small value of D, this divergence becomes noticeable only very close to Tz Ns. Points in close proximity to T~N s were discarded to obtain the dotted line in Fig.  3 . A tangent drawn at the low end of the dotted curve and shown by a dashed line serves as the background for the N Itransition below Tzt. A -straight (dashed) line was drawn through the data several kelvins above the N-I transition to estimate the background above T&1. The two backgrounds, above and below T& I, did not match at the transition. A step change at T& I was assumed. The heat capacity in the proximity of the N-I transition, within +1 K for 43.6 wt. %, is shown in Fig. 9(a) . The same procedure was followed for the other concentrations.
A significant pretransitional increase in C is evident on both sides of the N-I transition. The straight top results due to N-I coexistence. Sharp drops on both sides of the peak, approximated by straight lines, mark the beginning and the end of the coexistence. The shaded area under the curve and between the straight vertical lines represents the latent heat of transition hH. The area under the C~c urve but outside the coexistence region is the integral of the pretransitional heat capacity 5H= I C~dT. The values of b,H calculated for all mixtures are listed in Table II .
An unacceptable feature encountered in the above method is that it gave a lower background below the N-I transition than the background above it, in apparent contradiction to the mean-field models [18] of the N Itransi-tion. Evidently, this is due to the difficulty in determining the background in the presence of the N-NS transition. A second method, based on accepted procedures [19] of determining the background under similar circumstances, was adopted. In this case, the first term of Eq. (1) with values of parameters from the fit to the N-NS transition was subtracted from the entire data. A tangent to the data well below Tz~s erved as the background.
This background was higher than the background above T&I as expected for mean-field behavior. The data and the background for the 43. Fig. 11 . Once again, the latent heat and the total transition enthalpy were calculated for all samples. The values of hH and 5H thus obtained are also included in Table II . hH and the width of the coexistence region are plotted against concentration in Fig. 12. It should be pointed out that these values have a systematic deviation from, and are within 20% of, the values obtained with the first method. Although the absolute values are different depending on the method of analysis, any inferences based on the trends with concentration are, nevertheless, valid. Additionally, there is no significant narrowing of the nematic range ( Fig. 1 ) with increasing surfactant concentration. This is invariably observed (e.g. , in thermotropic materials) as a tricritical point is approached. The observed coexistence must, therefore, be attributed to other factors, such as impurities. It should be noted that the situation here is not unique. Similar impurity-induced coexistence and rounding of transitions has been observed in thermotropic materials 80CB [13] and 4-(n-octyl)-4'-cyanobiphenyl (8CB) [20] . The most probable source of impurities appears to be CsPFO which, due to its own ionic nature, is likely to absorb and retain ionic impurities, in spite of best efforts to purify it. The observed increase in the coexistence range with higher surfactant concentration, and hence higher impurity content, is consistent with this conclusion. We conclude that the observed coexistence [1, 10] , which led to the prediction of a tricritical point, was most likely induced by impurities.
For all mixtures, the ratio of heat-capacity amplitudes ( A+/A ) remains near unity and essentially equal to the prediction (1. 005) of the 3D-XY model [21] . Although a is not exactly equal to the value ( -0.007) predicted for 3D-XY-like behavior, it is quite close to it. Within experimental errors, the value of u (~0 .006) is consistent with the value (0.02+0.17) calculated from the correlation length exponents obtained from light scattering [2] using the hyperscaling relation. Similar results have been reported for the nematic-to-smectic-3 phase transition in several thermotropic materials [26] , e.g. , 6010+608 [22] , 8S5 [23] , T7 [23] , and T8 [23] , otherwise known to exhibit 3D-XY behavior.
The nematic-isotropic transition
The total enthalpy change associated with the N-I transition remains nearly constant for all mixtures while the latent heat of transition decreases as the concentration is lowered. The relative constancy of (bH+5H) has a simple explanation. As the concentration is lowered, the N-I coexistence range decreases allowing measurements to be made closer to the virtual second-order transition (superheating) temperature T, **. The pretransitional fluctuations become more pronounced near this temperature and a larger 6H is measured, nearly compensating for the decrease in hH. Consequently, the total transition enthalpy appears to be constant even though the coexistence region width and latent heat become smaller. These results suggest that a Landau point, at which the latent heat will vanish and the transition will become second order, is approached at low concentrations. The narrowing coexistence range with lower concentrations also supports this assumption.
Our results are consistent with previous [5] Fig. 12 . This is very similar to the dependence observed near the Nsmectic-A tricritical point [20, 22] in thermotropic liquid crystals, such as 9CB+10CB and 6010+6012 mixtures [26] . The dependence on concentration of hH and of the difference [T~I -T, *]between T& I and the supercooling temperature T;, taken from Ref. [5] , allows us to calculate the coefficients of the Landau free-energy expansion.
In the Landaude Gennes [18] theory, the free-energy density for a uniaxial nematic can be written as f =fo+ -, ' AS --, 'BS +-, 'CS (2) The scalar nematic order parameter S is defined as -, ' ((3 cos 8 -1) ). Here, 0 is the angle between the micellar symmetry axes (molecular long axes for thermotropic liquid crystals) and the director, and the coefficient A =a [T T, *],with T, * thevirtual second-order transition temperature (or absolute stability limit of the isotropic phase). It can be easily shown [22] that the latent heat (b,H), the discontinuity in the order parameter ( 5.00x 10' 6.11x 10' 9.52x 10'
1.31x 10' 3. To calculate a, B, and C, we use the values of AH obtained with the second method and the values of [Ttv t -T, '] (also listed in Table II ) calculated for these concentrations by linearly interpolating the results of a previous magnetic birefringence study [5] . The value of bS&I is assumed to be equal to 0.40 as predicted by Meier-Saupe [25] and found to be the approximate value for most thermotropic materials. The calculated values of the coefficients a, B, and C, are plotted in Fig. 13 as a function of concentration and given in Table III. The coefficients of the Landau expansion decrease with concentration as the Landau point is approached. The coefficients B and C drop by two orders of magnitude while a decreases only by a factor of 3. The vanishing values of these coefficients in the neighborhood of the Landau point underscore the need to use higher-order terms [22] in Eq. (2) , for a better description of this transition. SUMMARY We have presented a quantitative analysis of the heat capacity at the N-NS and N-I phase transitions in a lyotropic liquid crystal. By studying binary solutions of
